In this paper, a double-cell, self-phase modulation based optical regenerator is designed and optimised to reduce signal noise and distortion. Investigation on multiple passes through the proposed optical regenerator shows significant amplitude jitter suppression compared to single pass alternatives. Results have shown that improvement in Q-factor becomes negligible after only five loops for this system and a double Q-factor is achieved demonstrating the efficiency of the proposed scheme.
INTRODUCTION
There has been much attention given to optical regenerators as a future replacement to their electrical counterparts. A scheme proposed by Mamyshev [1] has been intensely studied, culminating in design rules [2] [3] [4] and methods of optimisation [5, 6] .
This work explores the effects of passing a noise impaired bit-stream through a two-stage regenerator multiple times. A second stage is usually used to recover the original signal wavelength, which is shifted at the exit of the first stage. By optimising the parameters for each stage of the regenerator it is possible to suppress amplitude jitter, while also reducing timing jitter incurred by the first stage [7] . Multiple passes through the two stage regenerator are studied in order to assess whether further amplitude jitter suppression (or reduction) is possible, and whether timing jitter places a restraint on the total number of such passes.
The proposed scheme is introduced followed by detail on the simulation method and parameters that are used. Qualitative and quantitative information is given along with eye diagram and Q-factor in order to evaluate the effectiveness of multiple passes through this system.
PRINCIPLE OF OPERATION
The optical regenerator under study is based on the principle of self-phase modulation induced spectral broadening followed by offset filtering. It will be referred to as a SBF (spectral broadening and filtering) regenerator. A single SBF cell consists of a higher-power optical amplifier (EDFA), a highly nonlinear fibre (HNLF), and an optical band-pass filter (OBPF). It is useful to include an additional filter after the EDFA to suppress out-ofband amplified spontaneous emission (ASE) noise.
The EDFA amplifies the peak power of input pulses to a level where considerable spectral broadening can take place within the HNLF due to self-phase modulation. After propagating through the fibre the spectrum is sliced by the OBPF at a frequency offset to that of the input centre frequency of the pulses. Fig. 1 shows a double-cell SBF regenerator where a second cell is placed after the offset filter of the first cell. Within this second cell, the offset frequency is changed so that the original centre frequency of the pulses is recovered. The second EDFA boosts the pulse peak power to a lower value that of the first cell amplifier. The results in [5] suggest that a high peak power should be used when there is a low input extinction ratio, while a lower peak power is effective for pulses with high amplitude jitter. Optical switches (OS) are used to control the number of regeneration stages. 
SIMULATION TOOL AND PARAMETERS
Regenerator parameters were optimised, taking into consideration guidelines [2] [3] [4] [5] [6] , and are shown in table 1. Simulations were run using in-house software tool making use of the 4 th -order (global) Runge-Kutta in the interaction picture method [8] to propagate the field through each fibre. The developed tool uses adaptive stepsize to reduce computation time and a small error tolerance to guarantee high accuracy. A pseudo-random bit stream (PRBS) was generated consisting of 256 bits with 256 samples per bit. Each one bit has a Gaussian pulse positioned at its center, with pulse width 6.25 ps full-width at half of maximum (FWHM) at a carrier wavelength of 1550 nm. Noise was added to this bit stream by adding a pseudo-random amplitude variation to each sample, followed by filtering with a 5 th -order Super-Gaussian filter with bandwidth 150 GHz (FWHM).
When entering the first SBF-cell the pulses have their peak power set to 3.3 W by suitable setting of the EDFA output average power. After passing through the HNLF the pulses are filtered at a frequency offset of 375 GHz, by a Gaussian filter of width ≈ 70 GHz (FWHM). After leaving the first SBF-cell, the pulses are amplified in the second cell to a peak power of 3.1 W before entering a HNLF with same parameters as in the first cell. The pulses are again filtered, this time at their original frequency (using an offset of -375 GHz relative to the current frequency).
On output of the second cell the pulses are either directed out of the regenerator or fed back to the first cell through the use of an optical switch. Within the simulation the feedback was achieved by explicitly setting a total number of loops.
RESULTS AND DISCUSSION
The Q-factor is used to quantify the effectiveness of multiple loops through the SBF regenerator. This is defined as where µ and σ are the mean and standard deviation (of ones and zeros) respectively.
An initial degradation in amplitude jitter is followed by a reduction in the second cell of the first loop. Figure 2 (left) illustrates the eye diagram at the output of the first cell amplifier. The Q-factor is 9.94 dB at optimised threshold level. At the exit of the dual-cell the amplitude jitter and noise level are clearly reduced as shown in Figure 2 (right). The Q-factor improvement for one loop is 4.70 dB.
Figure 2. Eye diagram at the output of the first cell amplifier (left) and
output after the second cell filter (right). In successive loops this amplitude jitter suppression increases, though accompanied by a slight increase in timing jitter. The Figure 3 depicts the eye diagrams at the output of the dual-cell regenerator after two, three, four and five loops. Investigations for higher number of loops have shown that the Q-factor improvement becomes negligible after 5 loops. Therefore the maximum Q-factor improvement obtainable for the studied case is 9.36dB, which means a double increase of final Q-factor. 
CONCLUSIONS
The results show that a two-cell SBF regenerator is advantageous over a single-cell version. It allows recovery of signal wavelength, increased amplitude jitter suppression, and reduces timing jitter. Additional loops through the device continue to show favourable reduction in amplitude jitter through the Q-factor difference (between successive loops). Simulations have shown that Q-factor improvement becomes negligible after five loops.
In the studied case, the Q-factor has doubled after five loops demonstrating the efficiency of the proposed optical regenerator scheme. In addition the output signal has negligible noise at the zero level and significant amplitude jitter suppression.
